Background: Transposable elements (TEs) are ubiquitous components of genomes and they are the main contributors to genome evolution. The reference sequence of the hexaploid 2 bread wheat (Triticum aestivum L.) genome enabled for the first time a comprehensive genomewide view of the dynamics of TEs that have massively proliferated in the A, B, and D subgenomes.
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Background
Transposable elements (TEs) are ubiquitous components of genomes and one of the major forces driving genome evolution [1] . They are classified into two classes: retrotransposons (class 1), transposing via reverse transcription of their mRNA, and DNA transposons (class 2), representing all other types of elements [2] . TEs are small genetic units with the ability to make copies of themselves or move around in the genome. They do not encode a function that would allow them to be maintained by selection across generations rather, their strategy relies on their autonomous or non-autonomous amplification. TEs are subject to rapid turn-over, are the main contributors of intraspecific genomic diversity, and are the main factor explaining genome size variations. Thus, TEs represent the dynamic reservoir of the genomes. They are epigenetically silenced [3] , preventing them from long-term massive amplification that could be detrimental.
The dynamics of TEs in genomes remains unclear and it was supposed that they may escape silencing and experience bursts of amplification followed by rapid silencing. Their impact on gene expression has also been documented in many species (for review [4] ). In addition, they play a role at the structural level, as essential components of centromeric chromatin in plants [3, 5] . Plant genomes are generally dominated by a small number of highly repeated families, especially class I Gypsy and Copia LTR-retrotransposons [6] [7] [8] [9] [10] . Most of our knowledge about TE dynamics and their impact on gene expression in complex plant genomes comes from maize [10] [11] [12] [13] [14] . At the whole genome level, Makarevitch et al. have shown that four to nine maize TE families, including all major class I superfamilies (Gypsy, Copia, LINEs) and DNA transposons, are enriched (>2 fold) in promoters of genes being up-regulated in response to different abiotic stresses [15] . This study also suggested that TEs are a major source of allelic variations explaining differential response to stress between accessions. 6 alone can explain why the D subgenome is ~900 Mb smaller. Indeed, 10 of the 14 Gypsy families that account for more than 100 Mb each are more abundant in the A and B than in D genomes, representing almost all of the subgenome size difference.
Similar to other complex genomes, only six highly abundant TE families represent more than half of the TE content: RLC_famc1 (Angela), DTC_famc2 (Jorge), RLG_famc2 (Sabrina), RLG_famc1 (Fatima), RLG_famc7 (Sumana/Sumaya), and RLG_famc5 (WHAM), while 486 families out of 505 (96%) account each for less than 1% of the TE fraction. In term of copy number, 50% (253) of the families are repeated in fewer than 1,000 copies at the whole genome level, while more than 100,000 copies were detected for each of the seven most repeated families (up to 420,639 Jorge copies).
Local variations of the TE density were observed following a pattern common to all chromosomes: the TE proportion is lower (on average 73%) in the distal regions than in the proximal and interstitial regions (on average 89%). However, much stronger local variations were observed when distributions of individual TE families were studied. Figure 1B shows TE distributions using chromosome 1A as a representative example. Distributions for selected TE families on all chromosomes are shown in Figures S1-S11. The most abundant TE family, RLC_famc1 (Angela) was enriched toward telomeres and depleted in proximal regions. In contrast, highly abundant Gypsy retrotransposons RLG_famc2 (Sabrina, Fig. 1B ) and RLG_famc5 (WHAM, not shown) were enriched in central parts of chromosome arms and less abundant in distal regions. CACTA TEs also showed a variety of distribution patterns. They can be grouped into distinct clades depending on their distribution pattern as suggested earlier based on chromosome 3B TE analyses [17] . Families of the Caspar clade [20] are highly enriched in telomeric regions, as is shown for the example of the DTC_famc1 (Caspar) whereas DTC_famc2 (Jorge) showed the opposite pattern ( Fig. 1B) .
Centromeres have a specific TE content. Previous studies on barley and wheat reported that the Gypsy family RLG_famc8.3 (Cereba) is enriched in centromeres [21, 22] . It was speculated that Cereba integrase can target centromere-specific heterochromatin due to the presence of a chromodomain that binds specifically to centromeric histones [23] . We found that wheat Cereba elements are concentrated in centromeric regions while absent from the rest of the genome (Fig. 1B, Fig. S8 ), and so are their closely related subfamilies RLG_famc8.1 and RLG_famc8.2 (Quinta). We identified new TE families that are also highly enriched in centromeres. The family RLG_famc39 (Abia) is a relative of Cereba, although there is very little sequence DNA conservation between the two. However, at the protein level, Cereba is its closest homolog. Abia and Cereba have an extremely similar distribution (Fig. 1B, Fig. S8-S9) , competing for the centromeric niche. This is apparent on chr6A where Cereba is more abundant while on 3B, Abia is more abundant. Abia seems to be a wheat specific TE family as it was not present in the recently published barley genome [24] . A recent study on the barley genome reported on a novel centromeric Gypsy family called Abiba [20] . We identified a homolog in wheat: RLG_famc40 (Abiba), with two distinct subfamilies RLG_famc40.1 and RLG_famc40.2, corresponding to the putatively autonomous and non-autonomous variants. Abiba is enriched in central parts of chromosomes but with a broader spreading compared to Abia and Cereba (Fig. S10-S11). At a higher resolution, we identified large tandem arrays of Cereba and Abia elements that correspond to the high kmer frequencies observed at the centromeres (Fig. 2D ), which might be the signature of functional centromeres (Fig. S12 ).
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Similarity and variability of the TE content between the A, B, and D subgenomes
A genome-wide comparative analysis of the 107,891 high confidence genes predicted along the A, B, and D subgenomes (35, 345, 35, 643 , and 34,212, respectively) was described in detail in [25] . It revealed that 74% of the genes are homeologs, with the vast majority being syntenic. Thus, gene-based comparisons of A-B-D highlighted a strong conservation and collinearity between the three genomes. However, outside genes and their immediate surrounding regions, we found almost no sequence conservation of individual TE copies that shape the intergenic regions ( Fig. 2A ). This is due to "genomic turnover" [26] through rounds of TE amplifications followed by removal via unequal crossing-overs or deletions that occur during double-strand repair [27] . Thus, TEs have been massively reshuffled since the divergence of A, B, and D, raising the question of the extent of variability of the repeat fraction between subgenomes in wheat.
Analysis of kmer content of RefSeq_v1.0 showed that 20-mers occurring 100x or more cover around 40% of the wheat genome sequence ( Fig 2C) . Considering 60-mers, this value decreases to only 10%. This pattern was strongly similar between subgenomes, although a slight difference was observed: repeated kmers covered a larger proportion of the subgenome D>A>B.
This lower proportion of repeats in the B subgenome is also obvious using a heat-map of 20-mer frequencies ( Fig 2D) , showing that the larger size of the B genome was due to a higher diversity of TE families.
We then compared A, B, and D subgenomes at the TE family level. We did not find any TE families (accounting >10 kb) that are specific for a single subgenome or completely absent in one. Only two cases of subgenome specific tandem repeats were found, XXX_famc46 and XXX_famc47. More surprisingly, the abundance of most TE families is similar in the A, B, and D subgenomes. Indeed, among the 165 families which represent at least 1 Mb of DNA each, 125 (76%) are present in similar proportions in the 3 subgenomes, i.e. we found less than a 2-fold change of the proportion between subgenomes. Fig. 2B represents the proportions of the 20 most abundant families in the 3 subgenomes which account for 84% of the whole TE fraction. Their proportion is close to the relative sizes of the three subgenomes: 35%-37%-28% for A-B-D, respectively. This highlighted the fact that, not only are the three subgenomes shaped by the same TE families, but also that these families are present in proportions that are conserved.
Consistent with this, we identified only eleven (7%) TE families that show a strong difference (i.e. more than 3-fold change in abundance) between two subgenomes, representing only 2% of the overall TE fraction.
Thus, although TEs have been extensively reshuffled during the independent evolution of the diploid A-B-D lineages ( Fig. 2A) , and although TEs have transposed and proliferated very little since polyploidization (0.5 Mya, see below), the TE families that currently shape the three subgenomes are the same, and more strikingly, their abundance remains very similar. We conclude that almost all families ancestrally present in the A-B-D common ancestor have been active at some point and their amplification compensated their loss by deletion, thus suggesting a dynamic in which families are maintained at the equilibrium in the genome for millions of years.
These findings disagree with the common notion that TEs evolve by successive amplification bursts of a limited number of active families before their silencing. For example, Piegu et al.
showed that an amplification burst of a single retrotransposon family led to a near doubling of the genome size in Oryza australiensis [28] . In wheat, the high-quality reference genome assembly and detailed TE annotation revealed that the difference of size between subgenomes is not mainly explained by a few TE families that have experienced a massive and recent burst.
Instead, many TE families contribute to this phenomenon. The contribution of a wide diversity of families to the expansion of genomes was previously suggested for plants with very large genomes >30 Gb [29] . Our data show that this is the case also for the Triticeae tribe.
Although practically all TE families are found in similar abundance in the three subgenomes, subfamilies show strong differences in abundance in the A, B, and D genomes In total, we identified 18 different subfamilies (belonging to eleven different families) which show subgenome specific over-or under-representation (Table 2 ). Here, we only considered TE families that contribute more than 0.1% to the total genome and are at least 3-fold over-or under-represented in one of the subgenomes. This illustrated that these eleven highly abundant families did not show a bias between A-B-D at the family level, but are composed of several subfamilies that were differentially amplified in the three diploid lineages. The CACTA family DTC_famc10.3 (Pavel) is much more abundant in the D subgenome than in the A and B genomes ( Fig. S1 ). Interestingly, the Pavel subfamily also seems to have evolved a preference for inserting close to centromeres in the D genome, while this tendency is not obvious in the A and B genomes ( Fig. 3B ). Generally, subfamilies were enriched in a single genome ( Table 2 ). In only four cases, a subfamily was depleted in one subgenome while abundant at similar levels in the other two. Three of these cases were found in the D genome. This is consistent with the smaller D genome size and differences in highly abundant elements contribute to this difference.
Dynamics of LTR-retrotransposons from the diploid ancestors to the hexaploid
The largest portion of plant genomes consists of long terminal-repeat retrotransposons (LTR-RTs). Intact full-length elements represent recently inserted copies whereas old elements have experienced truncations, nested insertions, and mutations that finally lead to degenerated sequences until they become un-recognizable. Full-length LTR-RTs (flLTR-RTs) are bordered by two LTRs that are identical at the time of insertion and subsequently diverge by random mutations, a characteristic that is used to determine the age of transposition events [13] . In previous genome assemblies, terminal repeats tended to collapse which resulted in very low numbers of correctly reconstructed flLTR-RTs (triangles in Fig. S13 ). We found 112,744 flLTR-RTs in RefSeq_v1.0 (Table S1, Fig. S13 ) which was in line with the expectations and confirmed the linear relationship between flLTR-RTs and genome size within the Poaceae. This is two times higher than assembled in TGAC_v1 [30] , while almost no flLTR-RT were assembled in the 2014 gene-centric draft assembly [31] .
We exploited this unique dataset to gain insights into the evolutionary history of hexaploid wheat from a transposon perspective. flLTR-RTs are evenly distributed among the subgenomes, with on average 8 elements per Mb (Table S1 ). Among them, there were two times more Copia (RLC) than Gypsy (RLG) elements, although Gypsy elements account for 2.8x more DNA. This is in agreement with the overall younger age of Copia TE. Indeed, the median insertion ages for Copia, Gypsy and RLX (unclassified LTR-RTs) are 0.95, 1.30 and 1.66 Myrs.
RLXs lack a protein domain, preventing a straightforward classification into Gypsy or Copia.
The missing domains can most likely be accounted for by their older age and, thus, their higher degree of degeneration. RLX elements are probably unable to transpose on their own but the occurrence of such very recently transposed elements suggests that they are non-autonomous as described for Fatima subfamilies (Fig3A). Between the A and B subgenomes, all flLTR-RT metrics are very similar, whereas the D subgenome stands out with younger insertions.
We analyzed the chromosomal distributions of the flLTR-RTs (Fig. S14 ). The whole set of elements is relatively evenly scattered along the chromosomes with high density spots in the distal gene-rich compartments. The most recent transpositions (age=0) involved 457 elements:
257 Copia, 144 Gypsy, and 56 RLXs. They are homogeneously distributed along the chromosomes ( Fig. S14B ), confirming previous hypotheses stating that TEs insert at the same rate all along the chromosome but are deleted faster in the terminal regions, leading to gene-rich and TE-depleted chromosome extremities [17] .
The current flLTR-RT content is the outcome of two opposing forces: insertion and removal. Therefore, we calculated a persistence rate, giving the number of elements per 10,000 years that have remained intact over time, for the 112,744 flLTR-RTs ( Fig 4A) . It revealed broad peaks for each superfamily, with maxima ranging from 0.6 Mya (for Copia in the D subgenome) to 1.5 Mya (for RLX in A and B subgenomes). The D subgenome contained on average younger flLTR-RTs compared to A and B, with a shift of activity by 0.5 Myrs. Such peaks of age distributions are commonly interpreted in the literature as transposon amplification bursts. We find the "burst" analogy misleading because the actual values are very low. For wheat, it represents a maximal rate of only 600 copies per 10,000 years. A more suiting analogy would be the formation of mountain ranges where small net increases over very long-time periods add up to very large systems. In the most recent time (<10,000 years), after the hexaploidization event, 13 we did not see any evidence in our data for the popular "genomic shock" hypothesis, postulating immediate drastic increases of transposon insertions [32] [33] [34] . For the A and B subgenomes, a shoulder in the persistence curves around 0.5 Mya (Fig. 4A) , the time point of tetraploidization, was observed. We suggest that counter-selection of harmful TE insertions was relaxed in the tetraploid genome, i.e. the polyploid could tolerate insertions which otherwise would have been removed by selection in a diploid.
To elucidate the TE amplification patterns that have occurred before and after polyploidization, we clustered the 112,744 flLTR-RTs based on their sequence identity. The family level was previously defined at 80% identity over 80% sequence coverage (80/80 clusters) [2] . We also clustered the flLTR-RTs using a more stringent cutoff of 90/90 and 95/95 to enable classification at the subfamily level ( Fig. 4B ). 80/80 clusters were large and contained members of all three subgenomes. In contrast, the 90/90 and 95/95 clusters were smaller and a higher proportion of them are specific to one subgenome. To trace the polyploidization events, we defined lifespans for each individual LTR-RT subfamily as the interval between the oldest and youngest insertion ( Fig. 4C ). Subfamilies specific to either the A or B subgenome amplified until about 0.4 Myrs, which is consistent with the estimated time of the tetraploidization. Some of the D subgenome-specific subfamilies inserted more recently, again consistent with the very recent hexaploidization.
These results confirmed that the three subgenomes were shaped by common families present in the A-B-D common ancestor that have amplified independently in the diploid lineages.
They evolved to give birth to different subfamilies that, generally, did not massively exchange since polyploidization. To confirm this hypothesis, we explored the phylogenetic trees of the three largest 90/90 clusters color coded by subgenome ( Fig. 5 and Fig. S15 -S17 for more details). The trees show older subgenome-specific TE lineages which have proliferated in the diploid ancestors (2-0.5 Mya). However, the youngest elements (<0.5 Mya) were found in clades interweaving elements of the A and B subgenomes, corresponding to amplifications in the tetraploid. Such cases involving the D subgenome were not observed, showing that flLTR-RTs from D have not yet transposed in large amounts across the subgenomes since the birth of hexaploid wheat 8000-10000 years ago. We further noticed several incidences in the trees where D lineages were derived from older B or A lineages, but not the reverse. This may be explained by the origin of the D subgenome through homoploid hybridization between A and B [35] .
There are two proposed models of propagation of TEs the "master copy" and "transposon" model [36] . The "master copy" model gives rise to highly unbalanced trees (i.e. with long successive row patterns) where one active copy is serially replaced by another, whereas the "transposon" model produces balanced trees where all branches duplicate with the same rate [37] . To better discern the tree topologies, we plotted trees with equal branch length and revealed that the three largest trees (comprising 15% of flLTR-RTs) are highly unbalanced ( Fig. S18 ) while the smaller trees are either balanced or unbalanced ( Fig. S19 ). Taken together, both types of tree topologies exist in the proliferation of flLTR-RTs, but there is a bias towards unbalanced trees for younger elements, suggesting that TEs proliferation followed the "master copy" model.
In summary, our findings give a timed TE atlas depicting detailed TE proliferation patterns of hexaploid wheat. They also show that polyploidization did not trigger bursts of TE activity. This dataset of well-defined transposon lineages now provides the basis to further explore the genetic and regulatory aspects of fine scaled transposon dynamics and to answer intriguing questions like: which factors cause a lineage to start and what causes activity to stop?
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A stable genome structure despite the massive reshuffling of intergenic sequences
Despite the massive turnover of the TE space ( Fig. 2A) , the gene order along the homeologous chromosomes is well conserved between the subgenomes and is even conserved with the related grass genomes (sharing a common ancestor 60 Mya [38] ). Most interestingly and strikingly, not only gene order but also distances between neighboring homeologs tend to be conserved between subgenomes (Fig. 6 ). Indeed, we found that the ratio of distances between neighboring homeologs has a strong peak at 1 (or 0 in log scale on Fig. 6 ), meaning that distances separating genes tend to be conserved between the three subgenomes despite the TE turnover. This effect is non-random, as ratio distribution curves are significantly flatter when gene positions along chromosomes are randomized. These findings suggest that the overall chromatin structure is likely under selection pressure.
We found this constrained distribution irrespective of the chromosome compartments i.e. distal, interstitial, and proximal, exhibiting contrasted features at the structural (gene density) and functional (recombination rate, gene expression breadth) levels [24, 25] . However, constraints applied on intergenic distances seem relaxed (broader peak in Fig. 6 ) in proximal regions where meiotic recombination rate is extremely low. At this point, we can only speculate about the possible impact of meiotic recombination as a driving force towards maintaining a stable chromosome organization. Previous studies have shown that recombination in highly repetitive genomes occurs mainly in or near genes [39] . Thus, it might be important that spacing of genes is preserved for proper expression regulation or proper pairing during meiosis. Previous studies on introgressions of divergent haplotypes in large-genome grasses support this hypothesis. For instance, highly divergent haplotypes which still preserve the spacing of genes have been maintained in wheats of different ploidy levels at the wheat Lr10 locus [40] .
Presence of genes had a major impact on the TE content, and a similar impact between the A, B, and D subgenomes
The sequences directly surrounding genes have a distinct TE composition compared to the overall TE space. While large intergenic regions are dominated by large TEs such as LTR-RTs and CACTAs, sequences surrounding genes are enriched in small TEs that are usually just a few hundred bps in size ( Fig. 7) . Even in the narrow sequence window of 2 kb up-and downstream of genes (i.e. promoters and regulatory regions of protein-coding genes), we found sub-compartments which are defined by the enrichment of specific superfamilies. Immediately up-and downstream of genes, we identified mostly small non-autonomous DNA transposons of the Mariner superfamily. These small TEs are also referred to as Stowaway MITEs [41] . Slightly further upstream, peaks of SINEs and Mutator were also clearly visible ( Fig. 7) . Approximately, 1.4 kb upstream of predicted transcription start sites (TSS), Harbinger elements have their highest enrichment. These small non-autonomous elements have been referred to as Tourist MITEs [41] . Interestingly, downstream regions differ in their composition from upstream regions. Here, SINEs, Mutator and Mariner elements are clearly less abundant, which makes the TE landscape surrounding genes asymmetrical ( Fig. 7) . Again, although the TE content of A-B-D subgenomes evolved independently, the TE landscape in the direct vicinity of genes is very similar between the three subgenomes at the superfamily level ( Fig. 7, Fig. S20 ).
We then computed, independently for each subgenome, the enrichment ratio of all TE families that were present in the promoter of protein-coding genes (2 kb upstream to the TSS) compared to their overall proportion (in copy number). The purpose was to identify how many and which families are over-or under-represented in gene promoters and if such preferential insertion pattern is similar in A, B, and D. To avoid biases due to small samples, we only considered the 315 families with at least 500 repeat copies at the whole genome level. The vast majority (242, 77%) showed a bias (i.e. at least a 2-fold difference in abundance) in gene promoters compared to their subgenome average. This clear difference showed that the direct physical environment of genes contrasts from the intergenic space, likely causing two distinct genomic compartments reminiscent of the distinction between euchromatin and heterochomatin.
We focused on families for which the bias is strong i.e. at least 3-fold over-or underrepresentation in promoters compared to the subgenome average. In total, 105 (33%) and 38 (12%) families, respectively, met this threshold in at least one subgenome. Thus, for almost half of the TE families, their presence along the genome is driven either positively or negatively by the presence of genes. Most strikingly, this significant bias was found for all three subgenomes.
While it was previously known that MITEs (namely small non-autonomous elements of the Mariner and Harbinger superfamilies) were enriched in promoters of genes, here we show that such bias is not restricted to MITEs but rather involves TEs of several different superfamilies.
These results suggest that the chromatin architecture is under selection leading to a highly organized genome in which each TE family has its own genomic niche.
Again, the promoter-prone versus promoter-excluded pattern was extremely conserved between A, B, and D subgenomes ( Fig. 8 ) although individual TE insertions are not conserved between homeologous promoters. In other words, when a family is over-or under-represented in the promoter regions of one subgenome, it is also true for the two other subgenomes, meaning that the specificity of insertion in genic or non-genic regions is an intrinsic ancestral feature for each family, that has been maintained independently in the three lineages. We did not find any family that was enriched in gene promoter in a subgenome while under-represented in gene promoters of another subgenome (even at a 2-fold change threshold). 18 TE families over-or under-represented in gene promoters belong to almost all superfamilies ( Fig. 8) , meaning that each family has its own behavior which is not necessarily conserved at the superfamily level. However, superfamily is generally a good indicator of the presence/absence of TEs in genic regions. (22) are LINEs, and only 5% (5) are a LTR-retrotransposons. In contrast, among the 38 families underrepresented in promoters, we found mainly Gypsy families. Figure 8 presents the fold change enrichment relatively to gene promoters. Contrary to Gypsy, Mutator, Mariner, and Harbinger, families belonging to CACTA and Copia superfamilies do not share a common specificity of insertion. We found similar proportions of them that can be either over-or underrepresented in promoters. This confirmed previous results about CACTAs annotated along the 3B chromosome [17] revealing that a part of the CACTA families is associated with genes while the other follows the distribution of Gypsy. Our results showed that it is the same for the Copia.
Thus, almost all TE families tend to be at the equilibrium in the genome, with amplification compensating their deletion, and, moreover, each family has conserved its intrinsic affinity with genes. To explain such unexpected results, we suggest that TEs would play a role at the structural level to maintain an intact chromosome architecture. This is well known for the centromeres and telomeres and we suggest that, for complex genomes, this is also true for the rest of the genome.
No strong association between gene-flanking TEs and gene expression pattern
We investigated the influence of neighboring TEs on gene expression. Indeed, TEs are so abundant in the wheat genome, that genes are almost systematically flanked by a TE in the direct vicinity. The median distance between the gene transcription start site (TSS) and the closest upstream TE is 1.52 kb and the median distance between the transcription termination site (TTS) and the closest downstream TE is 1.55 kb, while the average gene length (between TSS and TTS) is 3.44 kb. The density as well as the diversity of TEs in the vicinity of genes allows to speculate on potential relationships between TEs and gene expression regulation. We used the gene expression network built by [25] based on an exhaustive set of wheat RNA-Seq data. Genes were clustered into 39 expression modules sharing a common expression profile across all samples.
We also grouped unexpressed genes to study the potential influence of TEs on neighbor gene silencing. For each gene, the closest TE upstream was retrieved and we investigated potential correlations though an enrichment analysis (each module was compared to the full gene set).
Despite the close association between genes and TEs, no strong enrichment for a specific family was observed for any module, neither for the unexpressed genes.
We then studied the TE landscape upstream of wheat homeolog triplets, focusing on 19,393 triplets (58,179 genes) with a 1:1:1 orthologous relationship between A, B, and D subgenomes. For each triplet, we retrieved the closest TE flanking the TSS and investigated the level of conservation of flanking TEs between homeologs. For 75% of the triplets, the three flanking TEs belong to three different families, revealing that, even in the close vicinity of genes, TEs are in majority not conserved between homeologs due to rapid turn-over. This suggests that most TEs present upstream of triplets were not selected for by the presence of common regulatory elements across homeologs. However, for 736 triplets (4%), the three homeologs are 20 flanked by the same element, constituting a conserved noncoding sequence (CNS), suggesting that part of this element is involved in the regulation of gene expression. These TE-derived CNS are on average 459 bp which is 3 times smaller than the average size of gene-flanking TE fragments (on average 1,355 bp), suggesting that only a portion of the ancestrally inserted TE is under selection pressure. They represent a wide range (149 different families) of diverse elements belonging to all the different superfamilies.
Given that the majority of homeolog triplets have relatively similar expression patterns [25, 42] we next focused on triplets which had distinct expression profiles. We examined transcriptionally dynamic triplets [42] across tissues and triplets for which two copies are coexpressed while the third is not expressed. For both datasets, enrichment analysis did not reveal any significant enrichment between expression profiles and the presence of a particular TE family in the promoter. These results suggest that the expression pattern of genes in wheat is not determined by the TEs present in the close vicinity of the genes.
Conclusions
The chromosome-scale assembly of the wheat genome provided an unprecedented genome-wide view of the organization and impact of TEs in such a complex genome. Since they diverged, the A, B, and D subgenomes have experienced a near-complete TE turnover although polyploidization did not massively reactivate TEs. This turnover contrasted drastically with the high level of gene synteny. Apart from genes, there was no conservation of the TE space between 
Methods
TE modeling using CLARITE
The Triticum aestivum cv. Chinese Spring genome sequence was annotated as described in [25] . Briefly, two gene prediction pipelines were used (TriAnnot: developed at GDEC Institute [INRA-UCA Clermont-Ferrand]; the pipeline developed at Helmholtz Center Munich [PGSB]) and the two annotations were integrated (pipeline established at Earlham Institute [43] ) to achieve a single high-quality gene set. TE modeling was achieved through a similarity search approach based on the ClariTeRep curated databank of repeated elements [44] , developed specifically for the wheat genome, and with the CLARITE program that was developed to model TEs and reconstruct their nested structure [17] . For the annotation, we used the ClariTeRep naming system which assigns simple numbers to individual families and subfamilies e.g.
RLG_famc1.1 and RLG_famc1.2 are subfamilies of RLG_famc1. Since many TE families have been previously named, we provided this name in parentheses.
Detection and characterization of full-length LTR-retrotransposons
Identification of flLTR-RTs was based on LTRharvest [45] . [48] in a fast mode (-maxiters 2 -diags1). To build phylogenetic trees, we used tree2 from the muscle output which was created in the second iteration with a Kimura distance matrix and trees were visualized with ete3 toolkit [49] . The date of flLTR-RT insertions was based on the divergence between the 5' and 3' LTRs calculated with emboss distmat, applying the Kimura 2-parameter correction. The age was estimated using the formula: age=distance/(2*mutation rate) with a mutation rate of 1.3*10-8 [13] . The lifespan of an individual LTR-RT subfamily was defined as the 5 to 95 percentile interval between the oldest and youngest insertions. The densities for the chromosomal heat-maps where calculated using a sliding window of 4 Mb with a step of 0.8 Mb.
Comparative analysis of distances separating neighbor genes between homeologous chromosomes
For the comparison of distances separating neighbor genes, homeologous triplets located in the three chromosomal compartments (distal, interstitial, and proximal; Table S2 ) were treated separately. This was done because gene density is lower in interstitial and proximal regions, and because these latter show a lack of genetic recombination. Furthermore, we considered only triplets where all three homeologous genes are found on the homeologous chromosomes.
Comparison of homeologous gene pairs from distal regions was done in two ways which both yielded virtually identical results. Distances were measured from one gene to the one that follows downstream. However, there were many small local inversions between the different subgenomes. Thus, if a gene on the B or D subgenomes was orientated in the opposite direction compared to its homeologous copy in the A subgenome, it was assumed that that gene is part of a local inversion. Therefore, the distance to the preceding on the chromosome was calculated. The second approach was more stringent, based only on triplets for which all three homeologs are in the same orientation in the three subgenomes. The results obtained from the two approaches were extremely similar and we presented only the results from the second, more stringent, approach.
For the control dataset, we picked a number of random positions along the chromosomes that is equal to the number of homeologs for that chromosome group. Then, homeologous gene 24 identifiers were assigned to these positions from top to bottom (to preserve the order of genes but randomize the distances between them). This was done once for all three chromosomal compartments.
Analyses of TEs in the vicinity of genes and enrichment analyses
We developed a Perl script (gffGetClosestTe.pl) to retrieve gene-flanking TEs from the feature coordinates in GFF file. It was used to extract the closest TE on each side of every predicted gene (considering "gene" features that includes UTRs). It was also used to extract all predicted TE copies entirely or partially present within 2 kb upstream the "gene" start position i.e. the transcription start site (TSS). Enrichment analyses were then automated using R scripts. (2 kb upstream) . Independently for the three subgenomes, we retrieved all TE copies present with 2 kb upstream the TSSs of all gene models and calculated the percentage of the number of copies assigned to every family (%famX promoter ).
Enrichment of TE families in gene promoters
We also calculated the percentage of the number of copies of each family at the whole subgenome level (%famX whole_subgenome ). One enrichment log2ratio was calculated for each A, B, and D subgenome using the formula: log2(%famX promoter /%famX whole_subgenome ). Only families accounting for 500 copies or more in the whole genome were considered. 2. TE families and expression modules. Here, we retrieved the closest TE present in 5' of the TSS for all genes and calculated the percentage of each TE family for each expression module and the unexpressed genes (considered as a module), and compared them to the percentage observed for the whole gene set using the formula: log2(%famX genes_moduleX /%famX all_genes ). Log2ratio was calculated only for expression modules representing at least 1,000 coexpressed genes and we considered only log2ratio values for families accounting for 500 copies or more. A similar approach was taken for the 10% stable, 80% middle and 10% dynamic genes as defined by [42] . 3. 25 Comparison of TE families in the promoter of homeologs. Here, we also retrieved the closest TE in 5' of every gene and identified homeologous triplets for which the closest element in 5' belongs to the same family for the three copies. For that, we developed a Perl script (getTeHomeologs.pl) in order to integrate the information of homeologous genes and the data of closest TE in 5' of genes. Only "1-1-1" homeologs were considered. 
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